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Developmentf many developmental regulators and transcription factors are believed to be
highly conserved in the genomes of vertebrate species, suggesting speciﬁc regulatory mechanisms for these
gene classes. We functionally characterized ﬁve notochord enhancers, whose sequence is highly conserved,
and systematically mutated two of them. Two subregions were identiﬁed to be essential for expression in the
notochord of the zebraﬁsh embryo. Synthetic enhancers containing the two essential regions in front of a
TATA-box drive expression in the notochord while concatemerization of the subregions alone is not
sufﬁcient, indicating that the combination of the two sequence elements is required for notochord
expression. Both regions are present in the ﬁve functionally characterized notochord enhancers. However,
the position, the distance and relative orientation of the two sequence motifs can vary substantially within
the enhancer sequences. This suggests that the regulatory grammar itself does not dictate the high
evolutionary conservation between these orthologous cis-regulatory sequences. Rather, it represents a less
well-conserved layer of sequence organization within these sequences.
© 2008 Elsevier Inc. All rights reserved.IntroductionDifferential gene expression is crucial for development and body
homeostasis. Tremendous progress has been made in our knowledge
of the molecular principles underlying regulation of gene transcrip-
tion, and the entire genome sequences of humans and many model
species have been deciphered. However, our understanding of
transcriptional regulatory processes at the genome scale remains
rudimentary. With few exceptions (Johnson et al., 2005; Wasserman
and Fickett, 1998; Wenick and Hobert, 2004; Zhao et al., 2007), we are
not able to predict the pattern of expression of a gene by sequence
analysis. Unlike translated sequences, cis-regulatory modules (CRMs)
are much more hidden in the genome and can be found at variable
distances upstream and downstream of the transcription start site
(Davidson, 2006). They usually consist of a number of degenerate
binding sites of transcription factors, which makes their detection by
homology search algorithms very difﬁcult.Genetics, Forschungszentrum
egar), uwe.straehle@itg.fzk.de
l rights reserved.A major step forward in the identiﬁcation of CRMs in vertebrate
genomes was the discovery that the sequences of CRMs can be
conserved across evolution, forming easily recognized islands in the
highly diverged, non-coding sequences (Aparicio et al., 1995; Elgar,
2004; Hardison, 2000; Müller et al., 2002; Pennacchio and Rubin,
2001; Wasserman et al., 2000). Computational comparisons of mam-
malian genomes lack frequently the necessary stringency to identify
cis-regulatory sequences efﬁciently. In contrast, genomes of the
lower teleostean vertebrates Medaka, Takifugu and zebraﬁsh have
diverged signiﬁcantly, with several hundred million years of indepen-
dent evolution since the last common ancestor withmammals (Kumar
andHedges,1998;Müller et al., 2002). Conserved non-codingelements
(CNEs) can be up to several hundred base pairs long and show simi-
larity to lower vertebrate sequences of around 80% (Bejerano et al.,
2004; Venkatesh et al., 2006). Many of the analyzed CNEs have trans-
cription regulatory functions (Blader et al., 2003; Nobrega et al., 2003;
Plessyet al., 2005;Woolfe et al., 2005) althoughother functions such as
matrix attachment sites, miRNA genes or regulation of splicing cannot
be excluded (Bejerano et al., 2006, 2004; Feng et al., 2006; Glazko et al.,
2003; Glazov et al., 2006; Xie et al., 2005). It was also realized that
conserved non-coding elements are predominantly associated with
certain subclasses of gene ontologies: Developmental regulators and
transcription factors have a higher likelihood to harbor conserved
CNEs than other genes (Bejerano et al., 2004; Boffelli et al., 2004; Plessy
367S. Rastegar et al. / Developmental Biology 318 (2008) 366–377et al., 2005; Sandelin et al., 2004b; Woolfe et al., 2005). For example,
only 11 out of 104 functionally characterized mouse enhancers are
structurally so strongly conserved that theycould bedetected by FASTA
searches (Pearson and Lipman, 1988) in the zebraﬁsh genome. The
mouse enhancers that were scored as conserved under these search
conditions fell all into the developmental regulator and transcription
factor classes (Plessy et al., 2005). A recent, genome-wide study with
novel algorithms that took into account shufﬂing and orientation
changes suggested that the presence of such regions may be actually
morewidespread, with an estimation of at least one CNE being present
among approximately 30%of genes.While still beingmainly associated
with developmental regulators and transcription factors, these
shufﬂed conserved elements were also scored in some cases among
genes of other ontologies (Sanges et al., 2006).
The high sequence conservation of these regulatory regions, with
stretches of DNA that remained identical in orthologous enhancers
between ﬁsh andmammals, is puzzling in view of the normally rather
degenerate nature of DNA binding sites of transcription factors.
Similar observations were made previously in comparisons of
functionally relevant sequences of different sea urchin species,
indicating that such a conservation of sequences is not restricted to
vertebrates (Cameron et al., 2005). This study suggested also that
there is a lower frequency of larger indels in these regions in
comparison to the ﬂanking regions, explaining the higher conserva-
tion of these CRMs (Cameron et al., 2005). Analysis of haplotype map
(HapMap) genotype data of the human genome suggested further-
more that CNEs are selectively constrained rather than resulting from
lower local mutation rates (“mutational cold spots”; Drake et al.,
2006). Single nucleotide polymorphisms (SNPs) in these conserved
non-coding sequences were found at only 82% of the density scored in
other non-coding regions of the genome (Drake et al., 2006),
providing further strength to the hypothesis that these sequences
are under functional constraints.
The human genome contains approximately 2000 transcription
factors (Messina et al., 2004) that form the primary decoding devices
of the cis-regulatory code. Given the size of the CRMs, it is to be
assumed that multiple transcription factors can interact with each
region. Indeed, several transcription factors usually cooperate in
providing input to establish a regulatory element (Davidson, 2006).
One expects a limited number of combinations of binding sites to be
responsible for the expression in particular cell types or in response to
certain physiological requirements. By comparative analysis of
different CRMs, which drive the same expression proﬁle, one should
be able to derive the regulatory code for expression in a particular cell
type. Curiously, however, CNE sequences appear to be unique in the
genome and are not shared between genes with similar expression
proﬁles. This could mean that multiple regulatory codes exist or that
the regulatory code is concealed from easy detection by rearrange-
ment and degeneracy of the regulatory words.
To address these questions, we focused on the transcriptional
regulation of genes expressed in the notochord. The notochord is a
midline mesodermal structure which plays a crucial role during
embryonic development as a skeletal element and as a source of
signals that pattern surrounding tissues of the body axis (Stemple,
2005). The notochord derives from the embryonic organizer, a
structure formed in the dorsal part of the embryo, which is capable
of inducing the embryonic axis. Several secreted factors are
responsible for these inductive capacities, and they cooperate with
a network of transcription factors that establishes and maintains
organizer tissues. One of these factors, the winged helix factor Foxa2
(formally HNF3β) has been implicated speciﬁcally in notochord
formation in the mouse. Mice bearing a foxa2 loss-of-function
mutation lack a notochord and the ﬂoor plate (Ang and Rossant,
1994; Weinstein et al., 1994). In contrast, in the zebraﬁsh, several
genes such as bozozok, ﬂoating head and no tail have been identiﬁed
as essential for notochord development (Fekany et al., 1999; Schulte-Merker et al., 1994; Talbot et al., 1995); however, foxa2 appears to be
necessary only for ﬂoor plate development in this species, suggesting
plasticity in the genetic networks underlying notochord formation in
different species. In order to understand the common principles
acting in vertebrate notochord formation, one has to deﬁne the
regulatory code underlying the interaction of the gene networks
implicated in notochord formation in the different species. Here, we
started to map out this regulatory code in the zebraﬁsh by examining
ﬁve CNEs that drive expression in the notochord for common features
of organization.
Our in silico andmutational analysis identiﬁed two commonmotifs
shared between these ﬁve notochord enhancers, one of them
representing a winged-helix Fox transcription factor binding site.
The analysis of synthetic combinations of the two regulatory motifs
indicates that the Fox binding site has to act in concert with the other
motif, suggesting that the combination of the two motifs is crucial for
notochord expression. The twomotifs are located in the ﬁve notochord
enhancers in variable positions, orientations and distances to one
another, indicating that close juxtaposition of the two motifs is not
necessary for activity. Our results show that the high conservation
between orthologous enhancers is an important landmark to identify
sequences with regulatory activity. However, our ﬁndings also suggest
that the order or grammar of the actual regulatorywords in these CNEs
ismuch lesswell conservedwhenparalogous enhancers are taken into
account.
Results
Homology-based search for enhancers driving midline expression
To expand the repertoire of functionally characterized midline
enhancers, sequences encoding genes that are expressed in the mid-
line of the developing zebraﬁsh embryo (ZFIN database; Sprague et al.,
2006) were retrieved from the zebraﬁsh genome sequence and
examined for conserved non-coding sequences 25 kb upstream and
downstream of the ATG, using the UCSC Genome Browser (Kent et al.,
2002). We focused our attention on regulatory genes, as they have the
highest likelihood to harbor prominently conserved non-coding
sequences with transcriptional regulatory function (Bejerano et al.,
2004; Dickmeis et al., 2004; Plessy et al., 2005; Sandelin et al.,
2004b; Woolfe et al., 2005). Among 15 genes analyzed by pairwise
comparison with the mammalian homologues, 23 conserved non-
coding sequences were found. These were located upstream of the
coding region as well as downstream and in intronic regions (Fig. S1).
To test whether these conserved sequences have transcriptional
regulatory activity, we cloned them downstream of a green ﬂuorescent
protein (gfp) reporter gene. gfp expression was controlled by the sonic
hedgehog (shh) promoter −0.563shh:GFP (Chang et al., 1997; Müller et
al., 1999), which alone is not sufﬁcient to direct expression in the
midline of 24 h post-fertilization (hpf) embryos (Chang et al., 1997;
Fig. 1A). The constructs were injected in zebraﬁsh zygotes and
expression was analyzed at 24 hpf. This protocol results in mosaic
distribution and thus mosaic expression of the transgenes (Wester-
ﬁeld et al., 1992). Two conserved sequences designated A8 in the
locus encoding the inhibitor of DNA binding 1 (id1, previously id6,
NM_131245; Sawai and Campos-Ortega, 1997) and E1 located up-
stream of the sox transcription factor 9a gene (sox9a, NM_131643;
Bagheri-Fam et al., 2001; Chiang et al., 2001) mediated mosaic gfp
expression in the notochord of transient transgenic zebraﬁsh
embryos (Figs. 1C, E). Two further CNEs, A7 residing in the arista-
less-related homeobox gene (arx, NM_131384; Miura et al., 1997) and
A21 in the NK transcription factor related 2b gene (nkx2.2b,
NM_001007782; Schäfer et al., 2005), mediated expression in the
ﬂoor plate but not in the notochord (Figs. 1B, D). The other 20
conserved sequences (Fig. S1) did not drive any gfp expression in our
assay (data not shown).
Fig. 1. Non-coding conserved elements drive mosaic gfp expression in the midline of transient transgenic zebraﬁsh embryos. (A) Zebraﬁsh embryo injected with control gfp-reporter
construct, containing a minimal −0.563 kilobase (kb) zebraﬁsh shh promoter without cis-regulatory motif. (B to H) Embryos were injected with the gfp-reporter 0.563shh:GFP fused
to the non-coding conserved sequences arx A7 (B), id1 A8 (C), nkx2.2b A21 (D), sox9a E1 (E), ctgf up1 (F), shh ar-C (G) and shh ar-A (H), respectively. arx A7 (B) and nkx2.2b A21 (D)
drove expression in the ﬂoor plate while id1 A8 (C), sox9a E1 (E), ctgf up1 (F), shh ar-C (G) and shh ar-A (H) mediated gfp expression in the notochord at 24 h post-fertilization (hpf).
Embryos are oriented anterior to the left and dorsal up. Scale bar=250 μm.
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conﬁrm their activity in the context of this reporter system. While the
ar-A and ar-C enhancers of shh (NM_131063; Ertzer et al., 2007;
Müller et al., 1999) and the conserved notochord/ﬂoor plate enhancer
up1 of the ctgf gene (NM_001015041; Dickmeis et al., 2004) drove
expression in the notochord (Figs. 1F, G, H), three sequences from
the sox21a (NM_001009888; Argenton et al., 2004), the Hb9 (NM_
001009885; Woolfe et al., 2005) and the ret (NM_181662; Fisher et al.,
2006) genes did not show activity in this assay (data not shown),
possibly indicating that these enhancers work only in the context of
speciﬁc promoters.Fig. 2. Conservation of zebraﬁsh ctgf promoter sequences across phyla. Sequence comparison
Xenopus and Takifugu. Conserved nucleotide sequences are shaded in black. M1 and M2 are
analysis (Fig. 3). The M1 and M2 motifs contain putative DNA recognition sequences for theDistinct subregions in the ctgf midline enhancer contribute to the activity
Next, we asked whether the conserved domains are indeed
necessary for the function of the enhancer. We chose the ctgf up1
element as a model for ﬁne-scale analysis. This sequence is highly
conserved over a region between −159 and −94 relative to the ctgf
ATG (Fig. 2). To map the regulatory region responsible for midline
expression, we inserted the intact ctgf up1 element (from −377 to
+164) and deletion variants thereof in front of the gfp reporter gene,
and each of these constructs was injected into zebraﬁsh embryos at
the one-cell stage. The activities of these mutant versions of the ctgfof zebraﬁsh ctgf promoter sequences (−159 to −94) with those from human, rat, mouse,
two conserved motifs identiﬁed by MEME (using default parameters) and mutational
FoxA2 (red) and Pea3 transcription factors (blue), respectively.
Fig. 3. Fine-mapping of the notochord regulatory sequences in ctgf up1. The left panels show gfp expression in the midline of 24 hpf zebraﬁsh embryos. Right panels are
schematic representations of the ctgf wild-type promoter (A) and mutant constructs (B to H) cloned upstream of the TATA-box of the ctgf gene and gfp-reporter cassette.
Positions give base pairs upstream of the ATG. The transversions introduced to mutate the C1 and C2 elements are indicated. Embryos are anterior left and dorsal up. Scale
bar=250 μm.
369S. Rastegar et al. / Developmental Biology 318 (2008) 366–377up1 element were analyzed by monitoring gfp expression at 24 hpf
(Fig. 3). 5′ deletions of sequences from −377 to −171 bp did not lead to
a signiﬁcant reduction of midline expression, suggesting that
sequences upstream of −171 are dispensable for function (Figs. 3A–
C, Table 1). In contrast, deletions down to −143 reduced the activity of
the reporter such that only 18% of the embryos still expressed the
transgene in the midline (Fig. 3D, Table 1). Deletion down to −130
completely abolished gfp expression (Fig. 3E, Table 1). Midlineexpression was unaffected by deletion of internal sequences from
−103 to −81 (Fig. 3F, Table 1). Taken together, these data narrow down
the notochord regulatory element of up1 to the region between
position −171 and −104.
This region contained two blocks of conserved sequence (Fig. 2).
We next assessed the functional relevance of these sequences by
introducing clusters of point mutations in an otherwise intact ctgf up1
sequence. The expression in the notochord was abolished in the
Table 1
Mutational analysis of the ctgf promoter in transient transgenic zebraﬁsh embryos
Construct Total number of
injected embryos
% of embryos with gfp
expression in the notochord
−377 90 36%
−258 91 31%
−171 102 28%
−143 161 18%
−130 56 0%
Δ−103/−94 149 43%
C1 mutation 72 0%
C2 mutation 132 0%
370 S. Rastegar et al. / Developmental Biology 318 (2008) 366–377constructs C1 and C2, which contained mutations from −143 to −129
and −124 to −110, respectively (Figs. 3G, H, Table 1), suggesting the
importance of these two motifs for ctgf up1 activity.
Multiple regions are important for the notochord activity of the Sox9a
E1enhancer
In order to examine whether a similar modular structure as in the
ctgf enhancer is present in other midline enhancers, we systematically
dissected a second CRM driving notochord expression. The E1
enhancer situated 12.4 kb upstream of the sox9a ATG (Fig. S1)
mediates strong notochord expression in transient and stable
zebraﬁsh transgenics (Fig. 1E and data not shown). The 348 bp E1
enhancer sequence (Fig. 4) was inserted downstream of the 2.4shh
promoter (Ertzer et al., 2007) driving gfp expression (Fig. 5A, construct
RC1). This shh reporter construct, which contains sequences from
−2400 to +221 relative to the shh transcription start site, has the
advantage that it has a baseline activity in the anterior ﬂoor plate
providing an internal standard for injection efﬁciency (Ertzer et al.,
2007, and Figs. 5A, B, construct RC0). In context of this reporter
construct, the conserved enhancer regionwas deleted or mutated by a
series of clustered point mutations (Fig. 5, Table 2). Deletion of the
highly conserved core enhancer region between −12,531 and −12,397
resulted in loss of notochord expression while promoter-mediated
ﬂoor plate expression was retained (Figs. 5A, D, construct RC2). This
underscored the functional importance of the conserved core
sequence of this enhancer and delineated the region for further
ﬁne-grained mutations (Figs. 4, 5A).Fig. 4. Conservation of the sox9a enhancer element E1sequences. Sequence comparison of t
that controls expression in the notochord of zebraﬁsh. M1 andM2motifs identiﬁed byMEME
for FoxA2 (red) and Pea3 transcription factors (blue), respectively. The 20 bp overlappingmut
RC1 is underlined. Danio rerio a and b stand for Danio rerio sox9a and b genes, respectively.We constructed a series of mutations by introducing clusters of
20 bp overlapping mutations to identify the critical sequences in the
core region. The resulting mutant constructs RC3 to RC11 (Figs. 4, 5A)
were injected into zebraﬁsh embryos at the 1-cell stage and analyzed
for notochord expression at 26 hpf. Clustered mutations RC6 to RC9
abolished expression in the notochord (Figs. 5A, H–K, Table 2) while
mutations of the other regions RC3 to RC5, RC10 and RC11 (Figs. 5A, E
to G, L, M, Table 2) did not signiﬁcantly affect the expression in the
notochord. Hence, the region from −12,487 to −12,422 is necessary for
notochord expression. This suggests that, like the ctgf up1 CRM, sox9a
E1 enhancer activity in the notochord depends on multiple conserved
elements presumably acting in combination.
Conserved sequence motifs with variable spacing and orientation
Our mutational data of the ctgf up1 and sox9a E1 enhancers show
that notochord expression requires cooperation of several blocks of
conserved sequence. We next wished to assess whether these
sequences in the two enhancers are related. We included in this
comparison the sequences of the other functionally tested notochord
enhancers in the expectation to identifying subregions that are shared
between all the enhancer sequences and thatmay be part of thewords
that constitute the regulatory code for notochord expression. Using
MEME and NestedMICA algorithms (Bailey and Elkan,1994; Down and
Hubbard, 2005), we identiﬁed two common sequence motifs. Motif 1
(M1) corresponds to the C2 region of ctgf up1 and the RC 6/RC 7 region
of sox9a E1 (Fig. 6A) and the other motif M2 covers the C1 region of
ctgf up1 and the RC 8/RC 9 region of the sox9a E1 (Fig. 6B). Thus, the
two motifs identiﬁed by MEME and NestedMICA map precisely to the
regions that were found by our mutational analysis to be critical for
notochord expression.
One explanation for the high conservation of these regulatory
sequences within the vertebrate lineage could be that they interact
with proteins in a very restrained manner (Leung et al., 2004).
Strikingly, however, the position, the distance and relative orientation
of the two sequence motifs M1 and M2 can vary dramatically within
the ﬁve different enhancer sequences (Fig. 6C). For example, the
spacing between the two motifs can vary from 4 to 82 bp in the ﬁve
enhancers, suggesting that the two motifs do not need to reside in a
determined distance from each other and the orientation can be
reversed relative to one another. This suggests that it is not thehe enhancer element sox9a E1 between human, mouse, chicken, Takifugu and zebraﬁsh
(using default parameters) andmutational analysis (Fig. 5) harbor potential binding site
ations used for reporter constructs (RC) RC3–RC11 are overlined. Thewild-type construct
Takifugu a and b stand for Takifugu sox9a and b genes, respectively.
Fig. 5. Linker scanning analysis of the sox9a E1 enhancer identiﬁes a subregion as necessary for notochord expression. (A) Reporter constructs designed to test the activity of the E1
enhancer. A 348 bp fragment containing a 135 base pair (bp) conserved core (E1 core) of the sox9a E1 enhancer was cloned downstream of the 2.4 kb shh promoter and gfp reporter
gene (−2.4shh:GFP). Clusters of 20 bp transition mutations are represented by black boxes. Numbers represent the positions relative to the sox9a ATG. (B-M) Lateral view of 26 h old
zebraﬁsh embryos, injectedwith the constructs RC0 to RC11. Expression in the notochord (n) is abolished in embryos injectedwith the constructs RC6 to RC9. Remaining anterior ﬂoor
plate (fp) expression of −2.4shh:GFP serves as an injection control. Anterior to the left and dorsal up. Scale bar=250 μm.
371S. Rastegar et al. / Developmental Biology 318 (2008) 366–377constraints on the spatial arrangement of the cis-regulatory elements
that dictate the high conservation of these enhancers.
Motifs M1 and M2 are required in combination for notochord expression
Next we wished to test whether the two sequence motifs M1
and M2 are sufﬁcient to drive notochord expression. To this end, weinserted the M1 and M2 motifs of the sox9a E1 and of the ctgf up1
enhancer upstream of the ctgf TATA box. The truncated ctgf pro-
moter alone, in the absence of any additional regulatory sequences,
does not drive signiﬁcant expression (Fig. 7A). In contrast, when
short regions containing the two motifs M1 and M2 of ctgf up1
(−171 to −104), sox9a E1 (−12472 to −12411), id1 A8 (−1664 to
−1565) or shh ar-C (+4935 to +5071) were inserted upstream of the
Table 2
Mutational analysis of the sox9a E1 enhancer
Construct Total number
of injected embryos
% of embryos with gfp
expression in the notochord
RC0 108 0%
RC1 364 50%
RC2 195 0%
RC3 294 49%
RC4 218 37%
RC5 225 29%
RC6 362 0%
RC7 288 0%
RC8 279 0%
RC9 357 0%
RC10 344 35%
RC11 124 57%
372 S. Rastegar et al. / Developmental Biology 318 (2008) 366–377minimal promoter, gfp expression in the notochord of injected
zebraﬁsh embryos was noted in all three cases (Figs. 7B, C, D, Table 3
and data not shown; see also Hadzhiev et al., 2007). This suggests
that the two motifs M1 and M2 are sufﬁcient for function in the
context of a minimal promoter. However, a fragment derived from
shh ar-A (+2000 to +2143) failed to drive expression in the notochord
in front of the ctgf minimal promoter (data not shown). Thus, the
two conserved sequence motifs M1 and M2 appear to be only part of
the cis-regulatory code for notochord expression. Other sequences
that were not found to be conserved among the 5 notochord
enhancers seem to be required in addition. We thus cannot excludeFig. 6. Two degenerate motifs are found in all ﬁve notochord enhancers. The sequence of zeb
stretches using the MEME algorithm (Bailey and Elkan, 1994). Two conserved motifs namedM
at least 4 out of the 5 enhancers. The motifs M1 and M2 co-reside in the regions identiﬁed by
consensus binding sites of vertebrate Fox transcription factors (Kaufmann et al., 1995). (C) Sch
of the M1 and M2 motifs. Scale bar=10 bp. N=any, R=A or G, K=G or T, Y=C or T, W=A orthat the linker sequence in the minimal sequences of ctgf up1, sox9a
E1, id1 A8 or shh ar-C, which is different in each of the four cases,
contributes to this activity.
A characteristic of eukaryotic enhancers is their modular structure.
Concatemerization of individual elements, however, was frequently
able to overcome the requirement of multiple different motifs. M1 and
M2 may be equivalent in function. We asked next whether
concatemers of M1 alone or of M2 alone would be sufﬁcient for
notochord expression. No activity was observed when three copies of
the ctgf1 M1 (Fig. 7E, Table 3) or the ctgf1M2 (Fig. 7F, Table 3) were
inserted upstream of the ctgf basal promoter. Hence, the combination
of motifs M1 and M2 appears to be crucial for notochord expression,
indicating that the two regions are not equivalent.
Foxa2 binds in vitro to motif M1
Motif M1 shows homology to the binding site of the transcription
factor Foxa2 and other closely related members of the winged helix
transcription factor family (Fig. 6A), suggesting that these factors may
interact with this sequence. To test this notion, we performed
electrophoretic mobility shift assay (EMSA) with recombinant
zebraﬁsh Foxa2 protein (Chang et al., 1997). Foxa2 bound speciﬁcally
to the homologous binding sites in the motif M1 of ctgf up1 (Fig. 8A,
lanes 2, 4) and of sox9a E1 (Fig. 8B, lanes 2, 4 arrow head).
Competition with unlabeled binding site oligonucleotide (competi-
tor) abolished complex formation over the ctgf up1 (Fig. 8A, lane 3)
and the sox9a E1 motif M1 (Fig. 8B, lane 3). In contrast, whenraﬁsh sox9a E1, ctgf up1, shh ar-A, shh ar-C and id1 A8was searched for related sequence
1 (A) andM2 (B) were identiﬁed. Black boxes indicate the positions that are identical in
mutagenesis in the sox9a E1 and ctgf up1 CRMs. Motif M1 shows strong similarity to the
ematic drawing of the ﬁve notochord enhancers showing the orientation and distances
T.
Fig. 7. Conserved M1 and M2 motifs are both required to drive gfp expression in the notochord. (A) Embryo injected with the gfp-reporter control, containing 80 bp of the ctgf basal
promoter (TATA box). This promoter is inactive without addition of an upstream CRM. (B, C, D) gfp-reporter constructs under the control of M1 and M2motifs from ctgf up1 (B), sox9a
E1 (C) or id1 A8 (D) drive gfp expression in notochord cells. (E, F) Three copies of either the ctgfM1 motif (E) or of the ctgf M2 motif (F) are not sufﬁcient for gfp-reporter expression,
indicating that each of the elements alone is not sufﬁcient and that the combination of the two elements speciﬁes notochord expression. Embryos are 26 hpf old and are oriented
anterior to the left and dorsal up. Numbers in the schematic drawing to the left indicate positions of fragments relative to the ATG of the respective linked gene. Scale bar=250 μm.
373S. Rastegar et al. / Developmental Biology 318 (2008) 366–377oligonucleotides in which the Foxa2 motif was altered by mutations
were used as competitors (mutant competitor), the formation of the
retarded band was not abolished (Figs. 8A, B, lanes 4). Moreover,
mutant oligonucleotides did not form retarded complexes (Figs. 8A, B,
lanes 6).
With the exception of a homology to the consensus for the Ets
transcription factors Pea3/Erm binding site (Figs. 2, 4), motif M2 did
not yield signiﬁcant homologies to known transcription factor
binding sites when assessed with the Jaspar and Transfac databases
(Matys et al., 2003; Sandelin et al., 2004a). However, the Pea3/Erm
site was only well conserved in the M2 motif of ctgf and sox9a genes.
Moreover, when mutated by a cluster of point mutations in the ctgfTable 3
M1 and M2 sequences are sufﬁcient to direct notochord expression
Construct Total number of
injected embryos
% of embryos with gfp
expression in the notochord
Ctgf M2+M1 109 26%
sox9a M1+M2 91 31%
id1 M2+M1 201 35%
3xctgf M1 152 0%
3xctgf M2 92 0%up1 enhancer, we did not observe an effect on expression of the
reporter (data not shown), suggesting that the Pea3/Erm site is not
functional. Thus, other as yet unidentiﬁed factors might interact with
the motif M2.
Discussion
In many instances, transcription control modules of develop-
mental regulators are marked by high sequence conservation across
vertebrate genomes (Bejerano et al., 2004; Nobrega et al., 2003;
Plessy et al., 2005; Sandelin et al., 2004b; Woolfe et al., 2005). By
computational and functional screening of the CNEs of 5 develop-
mental regulators expressed in the notochord, we identiﬁed two
regions, M1 and M2, that are relevant for expression in the
notochord. These two regions are present in all ﬁve functionally
tested enhancers and are embedded in larger regions of conserved
sequences. The combination of the two motifs is crucial for specifying
notochord expression. Our data suggest that the two motifs are part
of the “regulatory words” deﬁning notochord expression. They can be
located at different distances and orientations with respect to each
other, revealing an unexpected ﬂexibility of arrangement of elements
in these regulatory regions that are highly conserved between ortho-
logous genes.
Fig. 8. Foxa2 protein binds to the M1 motif of ctgf up1 and sox9a E1 CRMs. (A) Recombinant Foxa2 binds speciﬁcally to M1 of the ctgf up1 CRM. Radioactively labeled oligonucleotide
containing ctgf up1 M1 (lane 1) was incubated with Foxa2 protein without competitor oligonucleotide (lane 2), with a 50-fold molar excess of cold ctgf up1M1 oligonucleotide (lane
3), or with an oligonucleotide that contained amutatedM1 sequence (lane 4). Cold M1 competitor abolished the shifted band (lane 3), whereasmutated oligonucleotide did not (lane
4). Radioactively labeled mutated ctgf up1 M1 probe alone (lane 5) or in the presence of Foxa2 protein (lane 6) does not show retarded DNA protein complexes. (B) FoxA2 binds
speciﬁcally to the sox9a E1M1. Radioactively labeled oligonucleotide containing sox9a E1M1 (lane 1) was incubated with FoxA2 protein without competitor oligonucleotide (lane 2),
with a 50-fold molar excess of cold sox9a E1 M1 oligonucleotide (lane 3), or with an oligonucleotide that contained a mutated sox9a E1 M1 sequence (lane 4). Cold M1 competitor
abolished the shifted band (lane 3), whereas mutated oligonucleotide did not (lane 4). Radioactively labeled mutated sox9a E1 M1 probe alone (lane 5) or in the presence of Foxa2
protein (lane 6) does not show retarded DNA protein complexes.
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expression
Enhancers have a modular structure, being composites of multiple
protein binding sites (Davidson, 2006; Ptashne and Gann, 2002). The
combinations of different transcription factor binding sites provide
regulatory signatures that permit responsiveness to and integration of
signals, resulting in the expression in speciﬁc cell types or under
certain physiological conditions (Panne et al., 2007; Ptashne and
Gann, 2002). The two motifs M1 and M2 appear to be such
combinatorial modules that are required for notochord expression.
M1 and M2 do not act redundantly, since multimers of each of the
modules are ineffective in mediating notochord expression. Thus, the
combination of the two motifs appears to be critical for the functional
activity.
The motifs M1 and M2 are present in all ﬁve notochord enhancers
and represent subregions of the sequences conserved among
orthologous enhancers. They are placed at variable distances from
one another, ranging from 4 to 82 bp among the different notochord
enhancers. The elements can also varywith respect to proximity to the
promoter and can be inverted relative to one another. This suggests
that the two motifs do not require a stereotypic orientation relative to
each other or to the promoter. Given this ﬂexibility, it is not too
surprising that simple sequence alignment programs such as BLAST
are not able to detect signiﬁcant homologies between the ﬁve
paralogous notochord enhancers studied here. Predeﬁnition of the
functionally relevant sequences in combination with motif search
algorithms such as MEME or NestedMICA that search for words in all
orientations is required to detect the rather short and/or degenerate
motifs in the paralogous notochord enhancers.
The enhancer E1 of the human SOX9a gene is active in the
notochord of both mice (Bagheri-Fam et al., 2006) and zebraﬁsh (I.H.,
unpublished), in agreement with a conserved role of the M1 and M2
motifs in specifying notochord expression in anamniote and amniote
embryos. The zebraﬁsh shh enhancer ar-C is related to the mouse shh
enhancer SFPE2. In contrast to the zebraﬁsh ar-C, however, the SFPE2
enhancer mediates ﬂoor plate and no notochord expression in the
mouse (Jeong et al., 2006; Jeong and Epstein, 2003). In agreement,
when injected into zebraﬁsh embryos, themouse SFPE2/ar-C enhancer(Jeong and Epstein, 2003) also fails to drive expression in the zebraﬁsh
notochord (Hadzhiev et al., 2007). This suggests that the mouse SFPE2/
ar-C enhancer was modiﬁed during evolution. Interestingly, mouse
SFPE2/ar-C does not have a strongly conserved motif M2 (Hadzhiev
et al., 2007; unpublished) and thus most likely lacks one of the
regulatory code words for notochord expression.
The motif M1 resembles that of a Foxa2 binding site, and Foxa2
indeed binds in vitro to this element. foxa2 is expressed in the
notochord of zebraﬁsh and mouse embryos (Monaghan et al., 1993;
Odenthal and Nusslein-Volhard, 1998; Strähle et al., 1993). However,
in contrast to mouse embryos (Ang and Rossant, 1994; Weinstein et
al., 1994), there is no evidence that foxa2 plays a role in controlling
notochord development or notochord speciﬁc gene expression in
zebraﬁsh: knock-down of Foxa2 protein (Rastegar et al., 2002) or
genetic lesions in the foxa2 gene (Norton et al., 2005) does not affect
notochord development. In the midline of zebraﬁsh, Foxa2 is co-
expressed with a number of related winged helix transcription
factors; speciﬁcally, foxa (fkd4), foxa1 (fkd7) and foxa3 (fkd2) are
expressed in the notochord (Odenthal and Nusslein-Volhard, 1998).
Fox factors appear to recognize the same binding site (Kaufmann et al.,
1995) and may therefore act redundantly in the speciﬁcation of the
notochord.
In contrast to M1, sequence analysis of M2 did not indicate clear
candidates for interacting proteins. A homology of the binding site to
the ETS transcription factors Pea3 and Erm is most likely not relevant,
as mutation of this site did not abolish the activity of the ctgf up1
enhancer (S.R., unpublished). Moreover, knock-down of the Pea3 and
Erm transcription factors by injection of morpholinos did not abolish
notochord formation or transgene expression (S.R., unpublished). It
thus remains to be established in future work which factors interact
with the M2 motif.
There are approximately 2000 transcription factors in the human
genome (Messina et al., 2004) and even slightly more were detectable
in the still incomplete ZV6 sequence of the zebraﬁsh genome (O.
Armant and US, unpublished). Given this large number of transcrip-
tion factors, it is conceivable that multiple combinatorial codes exist
for directing expression in a speciﬁc cell type or in response to
particular conditions. It is possible that other combinations of
sequences can also mediate notochord expression. The presence of
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however, that, at least in these early stages of development, the
combination of M1 and M2 is an essential component of the code.
While the minimal regions harboring the M1 and M2 motifs were
sufﬁcient in the case of ctgf up1, sox9a E1, id1 A8 or shh ar-C, a 143 bp
fragment of ar-A shh containing both M1 and M2 was not sufﬁcient in
front of the ctgfminimal promoter. This suggests that other sequences
outside the M1 and M2 motifs are also required for function and it
also suggests that the linker sequences between the M1 and M2
sequences of ctgf up1, sox9a E1, id1 A8 or shh ar-C play a functional
role. However, these sequences do not appear to be conserved among
the 5 notochord enhancers suggesting that different transcription
factors are interacting with these sequences. Alternatively, these
sequences may have structural roles of unknown nature. Moreover,
the lack of a phenotype in the mutational scans of ctgf up1 and sox9a
E1 indicates that these additional regulatory functions are redun-
dantly encoded. Irrespectively, these data suggest that sequences
outside of the M1 and M2 motifs contribute to the function of the
notochord enhancers.
Highly conserved non-coding sequences and transcriptional regulation
There are two extreme views of enhancer structure. Many
enhancers appear unstructured, representing loose assemblies of
transcription factor binding sites that can vary in orientation and
spacing. These enhancers were referred to as billboard or type 1
enhancers (Arnosti and Kulkarni, 2005). In contrast, other enhancers
are highly structured with precisely arranged transcription factor
binding sites that assemble so-called enhanceosomes of cooperating
proteins (Erives and Levine, 2004; Panne et al., 2007; Senger et al.,
2004; Thanos and Maniatis, 1995). Regulatory regions of genes
encoding transcription factors and other developmental regulators
are frequently conserved in their sequence to such a degree and length
that they can easily be recognized by simple sequence alignment of
the non-coding sequences even from distant vertebrate genomes
(Plessy et al., 2005; Sandelin et al., 2004b; Woolfe et al., 2005). This
high sequence conservation may reﬂect the constraints of protein
interactions of compact enhancers as exempliﬁed by the enhanceo-
some of the interferon β gene (Panne et al., 2007).
The motifs M1 and M2 are arranged in a rather ﬂexible manner
even though they are embedded in highly conserved sequences.While
these highly conserved sequences of the enhancers suggest a compact
structure, the distribution of the M1 and M2 motifs argues rather for
the more open billboard-like or type 1 enhancer structure. Thus, our
mutational analysis uncovered a second, less well conserved layer of
structural organization hidden below the surface of the highly
conserved sequence in these regulatory modules.
The question arises thus, why do the studied enhancers show such
high sequence conservation, if the structural constraints for the
arrangements of regulatory words appear to be rather relaxed? One
possibility is that the enhancers may have regulatory activities other
than driving expression in the notochord. For example, it was shown
that CNEs harboring developmental regulatory genes contain
specialized bipartite domains of histone modiﬁcations in embryonic
stem cells that are modiﬁed upon differentiation of the stem cells
into more specialized cell types (Bernstein et al., 2006). This may be
required to control speciﬁc aspects of stem cell biology such as for
example to prevent the premature activation of developmental
regulators in stem cells. An alternative possibility is that these
CNEs, which are also usually enriched in gene deserts (Kikuta et al.,
2007), may only be indirectly linked to regulation of transcription,
having instead other functions that require this unusual conservation
of unique sequences in the genome. For example, they may have a
role in maintaining the integrity of the diploid genome since
segmental duplications or copy number variants appear to be
depleted of these highly conserved non-coding sequences (Derti etal., 2006). The regulatory elements for transcription would then just
“hitch-hike” in these zones of conservation.
Irrespective of the reasons for the high sequence conservation,
these islands of conserved non-coding sequence are very useful
landmarks to identify cis-regulatory sequences (Conte and Bovolenta,
2007; de la Calle-Mustienes et al., 2005; Dickmeis et al., 2004; Gomez-
Skarmeta et al., 2006; Müller et al., 2002; Pennacchio et al., 2006;
Pennacchio and Rubin, 2001; Woolfe et al., 2005). Our data show,
however, that rather ﬂexible arrangements of cis-regulatory modules
can be embedded within such regions of high sequence conservation
and that deciphering of the regulatory code requires functional
analysis beyond simple sequence alignment.
Methods
Fish stock
The wild-type zebraﬁsh are derived from an intercross between the AB line
(University of Oregon, Eugene) and the wtOX line, which was purchased from the
Goldﬁsh Bowl (Oxford, UK) and has been bred for many years in our laboratory. Fish
were bred and embryos were collected and staged as described (Kimmel et al., 1995;
Westerﬁeld, 1993).
Reporter constructs
The ctgf promoter fragment (Dickmeis et al., 2004) and deletions were generated by
PCR and cloned into either the SalI and NcoI sites of pCS2:GFP (Müller et al., 2000) or
the SalI and BamHI sites of a modiﬁed version of pCS2:GFP in which the CMV promoter
was replaced by the minimal promoter of ctgf.
The sox9a E1 wild-type (Bagheri-Fam et al., 2006, 2001) and mutant enhancer
elements were ampliﬁed by a two-step PCR strategy generating overlapping fragments.
Mutations were introduced via the internal PCR primers. Fragments were cloned into
the NotI and KpnI site of-2.4shh:GFP reporter vector (Chang et al., 1997; Müller et al.,
1999).
To generate stable transgenic lines, the sox9a promotor region was ampliﬁed by
PCR and cloned into the HindIII and EcoRI site of pCS2:GFP (Müller et al., 1999). The E1
enhancer element of sox9a was ampliﬁed by PCR and cloned into the HindIII and SalI
site of the sox9a:GFP vector, containing the sox9a promoter region.
The potential notochord enhancer elements from sox9a, id1, shh ar-A and ar-Cwere
ampliﬁed by PCR and cloned into the NotI and KpnI site downstream of the-0.563shh:
GFP vector (Müller et al., 1999). The sequences of all primers used are available on
request.
Electrophoretic mobility shift assays
The sequence of zebraﬁsh foxa2 (axial; Strähle et al., 1993) was ampliﬁed by PCR
and subcloned into SaII/NotI sites of pGEX4T3 vector (Promega) for expression in
Escherichia coli BL21. Oligonucleotides from ctgf up1 containing the M1 motif (5′-
GGAATGCCCATGTTTATCCAGCGTTCC-3′) or clusters of point mutations (bold) (5′-
GGAATGAAACTGGGGCGAACTCGTTCC-3′) and oligonucleotides for the sox9a E1 enhan-
cer containing the M1 motif (5′-TTACCTCCAATGTTTGCCCAAAATCTT-3′) or with the mutated
binding site (bold) (5′-TTACCTAACCTGGGGTAAACCAATCTT-3′) were annealed by
heating to 90 °C with an equimolar mixture of the upper and the lower strands and
slow cooling to room temperature. Annealed oligonucleotides were labeled with [γ32P-
ATP] using T4 polynucleotide kinase. Binding reactions were performed in a total
volume of 25 μl containing 10 mM HEPES, pH 7.9, 100 mM KCl, 4% Ficoll, 1 mM EDTA,
1 mM DTT and 2.5 mg of poly(dI-dC). Four microliters of recombinant protein and
30,000 cpm of probewere used per reaction. The reactions were incubated for 30min at
4 °C and were analyzed on a 6% polyacrylamide gel containing 0.25× Tris borate-EDTA
(TBE) (Sambrook and Russel, 2001).
Microinjection of zebraﬁsh embryos
All plasmids were prepared by using the Qiagen Endo-Free Kit and injected at 20–
50 ng/μl. Before injection of DNA, phenol red was added to a ﬁnal concentration of 0.1%.
Sequence comparison
Homology searches were carried out using the UCSC Genome Browser using the
default parameter of the program (Kent et al., 2002). Comparison of the ctgf up1, shh ar-
C, shh ar-A, sox9a E1 and id1 A8 sequences was carried out with the programs MEME
(Bailey and Elkan, 1994; Down and Hubbard, 2005). The MEME searches were
performed at the MEME server at the Institut Pasteur (http://bioweb.pasteur.fr/seqanal/
motif/meme/; Meme Version 3.0). Since some of the enhancer sequences used were
very short, we limited the number of motifs identiﬁed per sequence to one in order to
avoid scoring of highly degenerated motifs. The maximum number of different motifs
allowedwas three. Using these parameters, two of the threemotifs were indeed present
in all of the enhancer sequences. The NestedMica (Down and Hubbard, 2005) search
376 S. Rastegar et al. / Developmental Biology 318 (2008) 366–377was done by using the default parameters of the program, and the algorithm was
trained on 500 bp long, randomly chosen non-coding zebraﬁsh sequences (a
background set), used to generate the background model.
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